Terrestrial Radar Interferometry (TRI) is a new technique for studying ice 12 motion and volume change of glaciers. TRI is especially useful for temporally and spatially-13 dense measurements of highly dynamic glacial termini. We conducted a TRI survey of 14 Breiðamerkurjökull, a marine-terminating glacier in Iceland, imaging its terminus near 15 the end of the melt season in 2011, 2012, and 2013. The ice velocities were as high as 16 5 m/d, with the fastest velocities near the calving front. Measurement uncertainties are 17 approximately 0.05 m/d. Retreat of the glacier over the three year observation period was 18 accompanied by strong embayment formation. Iceberg tracking with the radar shows high 19 current velocities near the embayment, probably indicating strong meltwater outflow and 20 mixing with relatively warm lagoon water. 21 23
INTRODUCTION
Melting of the ice sheets covering Greenland and Antarctica is accelerating, presumably in response to rising global tem-
The TRI used for this study is the GAMMA Portable Radar Interferometer (GPRI). The GPRI is an interferometric, 48 Ku-band (1.74 cm wavelength), real-aperture radar that provides high resolution intensity images and is also sensitive 49 to line-of-sight surface displacements on the order of 1 mm (Werner and others, 2008) . Two-dimensional velocities can
where v is velocity, λ is radar wavelength, φ is unwrapped phase, and ∆t is the time difference between the acquisitions 73 in the interferogram. Multiple velocity images were then stacked (averaged) to produce a representative velocity map for a 74 given observation period. 75 If the direction of ice motion and the surface slope are known, the measured line-of-sight velocities can be converted to 76 ice velocities in the direction of motion by 77 V glac = V los cos(α)cos(φ)sin(θ) − cos(θ)sin (α) (2)
Here, V glac is the velocity of the glacier in the direction of motion, V los is the measured velocity in the line-of-sight of the 78 instrument, α is the surface slope, θ is the radar look angle, and φ is the offset angle in the horizontal plane between the 79 direction of ice motion and the orientation of the radar (Kwok and Fahnestock, 1996) . 80 We can simplify the above formula to obtain an approximation of the ice velocity in the direction motion by assuming 81 zero surface slope (α = 0) and a horizontal look angle (θ = 90), reducing equation 2 to
We also compared the TRI velocity maps to TerraSAR-X velocity maps from about the same time period as our field 83 campaigns. Preliminary TRI velocity results and comparisons to TerraSAR-X from the 2011 deployment were presented in 84 Voytenko and others (2012) . We compared the TRI velocities with velocities derived from TerraSAR-X offset tracking by 85 scaling both measurements to account for the direction of ice motion (140 • clockwise from north) using equation 3 ( Figure   86 3). Note that for the TRI the offset angle (φ) varies between each scan line direction and the direction of ice motion. The
87
TerraSAR-X velocities are based on 11-day offset tracking maps (Sep. 22 -Oct. 3, 2011; Aug. 17 -Aug. 28, 2012; Aug. 15 -88 Aug. 26, 2013) from track T147 processed using the method of Strozzi and others (2002) and Paul and others (2013) . We 89 show the differences between the TerraSAR-X and TRI velocities in Figure 4 . 90 To investigate possible temporal variations in ice velocity with the TRI, we generated total displacement time series by 91 adding up all of the successive phase difference measurements (converted to displacements) at a given pixel ( Figures 5-7 ).
92
Missing data in the time series were filled with the average displacement before the integration to smooth data gaps. The 93 displacement time series represent velocity changes as slope changes.
94
We also looked at the variability in measured displacement of pixels of stationary targets to define atmospheric and 95 instrument-related uncertainties in the velocity estimates and to define optimum averaging times ( Figure 8 ). This is dis-96 cussed in more detail in the results section.
97
We operated a continous tide gauge in 2011 to investigate the impact of the tidal cycle on glacial velocity ( Figure 9 ).
98
Unfortunately, in 2012, the tide gauge failed shortly after deployment.
99
We constructed a series of Digital Elevation Models (DEMs) by stacking two hours of acquisitions unwrapped using an 100 adaptive filtering algorithm (Goldstein and Werner, 1998) and converting unwrapped phase into elevation using a reference 101 elevation point and assuming a horizontally-stationed radar (Strozzi and others, 2012):
where λ is the radar wavelength, φ is the unwrapped phase value (from an interferogram between the two receiving 103 antennas at a given pixel), B is the baseline (vertical offset between the two receiving antennas, 25 cm), and R is the range 104 distance from the radar to the given pixel. We masked out the lagoon and shadowed areas, and smoothed the DEM surface 105 with a median filter.
106
Using the method proposed by Etzelmuller and others (1993), the DEMs are discretized into N cells with edge length d 107 (10 m) and height H (H 2011 and H 2012 ). The total ice volume change for the imaged area is 
In 2012 and 2013, the salinity and temperature of water in the lagoon were measured with a series of profiles, in order 114 to assess the role of warm ocean water in glacier mass balance.
115
In 2012, temperature and salinity data in the lagoon were collected with a bottom stationed ocean profiler (BSOP)
116
(Langebrake and others, 2002). The BSOP is an autonomous buoy originally designed to profile the water column in the 117 shelf margins of the Gulf of Mexico. Preliminary results were presented in Dixon and others (2012) . In 2013, we collected 118 profiles of temperature and salinity in the lagoon by manual casts of a CTD (conductivity-temperature-depth) profiler from 119 a small boat. The ascending and descending data from 2013 were averaged together over 1-meter intervals. Conductivity 120 was converted to salinity using the method described by Fofonoff and Millard (1983) . Given the relatively shallow depths 121 (less than 200 meters), temperature was not converted to potential temperature. The location of the profiles vary from day 122 to day and year to year due to strong currents and iceberg cover. However, most of the lagoon appears to be well-mixed 123 (see Results below), hence the spatially-limited available data are believed to be representative.
RESULTS
dynamic phenomena that are smoothed in the longer time-averaged satellite data. Differences between the two data sets 139 are much smaller away from this dynamic zone. Nagler and others (2012) derived three-dimensional velocity fields from 140 Breiðamerkurjökull in the fall of 2010 using TerraSAR-X, COSMO-SkyMed, and GPS data. Their results show that the 141 glacier is moving southeast with average velocities of under 2 m/d a short distance away from the fast-moving terminus.
142
This slower zone of motion is visible in both the TRI and TerraSAR-X data (Figure 3 ).
143
In 2011, when limited overlapping tide gauge and TRI data are available, there is no apparent relationship between tides 144 and ice velocities in the short time series ( Figure 9 ). This may reflect the mostly-grounded nature of the terminus, where 145 minor changes in water depth have a negligible influence on the weight of the glacier, but longer time series are necessary 146 for a thorough analysis.
147

Velocity Uncertainties
148
We can calculate the velocity bias due to the zero surface slope assumption (equation 3) by approximating the surface slope 149 from our DEM data. As discussed in the next section (DEMs and Mass Change), the surface slope of the first 500 m at the 150 terminus is~14 • while the slope of ice immediately behind the first 500 m of the ice cliff is~2 • . The upglacier slopes can 151 also be verified using elevation data presented by Björnsson and others (2001) . Using these slope values for α in equation 152 2 suggests that assuming a zero surface slope can lead to errors of around 3 percent over the first 500 m of the terminus,
153
with errors much less than 1 percent further upglacier.
Results from the TRI are sensitive to water vapor in the atmosphere. Water vapor attenuates and slows the microwave 155 signal, decreasing signal to noise ratio and increasing the two way travel time between the instrument and target by 156 variable amounts. This impacts the phase measurements, and hence affects both the displacement time series and the DEM 157 estimation. A humid atmosphere can also degrade instrument performance. For example, water droplets condensing on the 158 antenna attenuate the transmitted and received signals and may also corrupt the phase of the received signal independent 159 of atmospheric transmission effects.
160
While it is highly variable in both space and time, on average, the amount of water vapor typically decreases rapidly 161 with height in the troposphere. Compared to satellite SAR, where the slant range signal path is typically within about 162 35 • of vertical, the TRI signal transits through that portion of the atmosphere where water vapor concentrations tend to 163 be highest. Thus, water vapor can have a larger impact on ground-based TRI compared to satellite radar interferometers.
164
Atmospheric moisture was typically high during our observations, as evidenced by persistent fog, clouds, and rain. For all 165 these reasons, it is important to quantify the effects of water vapor on the TRI results. We will show that while water 166 vapor is almost certainly the largest source of noise for the TRI's displacement time series and ice velocity estimates in our 167 Iceland data set, its effects are nevertheless small compared to signals of interest for most glaciological investigations.
168 Figure 6 shows displacement time series for several points on the glacier and marginal areas for one 24 hour period 169 in 2012. The slope of a best fit line through the phase-connected displacement estimates represents the average velocity 170 over that period, and the rms scatter of the fit (1-21 mm) is one measure of displacement precision. However, it is overly 171 conservative, as some of the scatter represents real velocity variation of the glacier over the 24 hour observation period.
172
The rms scatter of the three points known to be stable (1-8 mm; Figure 7 ) is a better indicator of displacement precision.
173
For these latter three points, the lowest rms scatter (1 mm) is observed for the closest point (4.2 km), while larger scatter 174 (8 mm) is observed for points farther away (6.2 and 7.9 km), consistent with the influence of water vapor. In dry air, the 175 inherent precision of the TRI, observed over distances less than a kilometer, is a few tenths of a millimeter or less (Werner 176 and others, 2008). From the three nominally stable points adjacent to the glacier ( Figure 5 ), where we expect v = 0, we 177 can also estimate the total velocity error (water vapor plus other effects) by looking at deviation from zero, suggesting that 178 velocity uncertainty is 0.05 m/d or less (Figure 7 ).
179
For many applications, it is desirable to investigate velocity variations for times much shorter than one day. Since there 180 is a trade-off between velocity uncertainty and averaging time for any displacement measurement technique, it is useful to 181 quantify velocity uncertainty as a function of averaging time. The velocity or rate uncertainty (σ r ) based on a series of 182 displacement measurements is a function of the displacement measurement precision (we assume σ m =1 mm) and the total 183 time span of observations, T . Assuming equally spaced (1-minute) observations, ∆t, and assuming that measurement noise is "white" (uncorrelated in time), rate uncertainty is given by (Coates and others, 1985; Dixon, 1991;  Mao and others,
(7) Figure 8 shows how the rate uncertainty evolves for different averaging times assuming measurement noise of 1 and 8 187 mm. It is apparent that for any averaging time greater than about one hour, the rate uncertainty becomes negligible, even 188 for distant points where water vapor effects can be relatively high, assuming measurement noise is white. Observations of 189 velocity variations over shorter periods are not precluded, but some caution or specialized techniques may be required.
190
Atmospheric noise is not purely white, and hence may not reduce with long averaging times. One way to assess deviations 191 from the white noise approximation is to compare the velocity variation over stationary points for different averaging times. Figure 12 shows the relationship between the surface slope 199 and velocity in 2011 and 2012 near the calving front (high slope equals high velocity).
200
To describe the measurement uncertainty associated with the TRI-derived DEM, we compared the 2012 TRI DEM with 201 the ASTER GDEM by resampling the pixel spacing in the TRI DEM to 30 meters (The ASTER GDEM is a product of 202 METI and NASA) and matching the two data sets. The ASTER GDEM is a satellite-derived DEM with 30-meter pixel 203 spacing and a vertical accuracy of 17 m with a 95% confidence (Tachikawa and others, 2011).
204
Since the orientation of the TRI imagery is visually georeferenced to a LANDSAT image from May 23, 2013 (obtained 205 from http://landsatlook.usgs.gov/), we consider the spatial georeferencing error to be on the order of 1 pixel (30 m due to 206 DEM spacing). As the TRI and ASTER DEMs were not obtained at the same time, we selected a stationary mountainous 207 area in both images for our comparison (Figure 11 ). The rms vertical difference between the TRI DEM and the ASTER 208 GDEM is approximately 16 m. The high relief of the study area is likely an important factor contributing to this difference 209 (geolocation error). Given the 30-meter spatial resolution in the resampled product, a horizontal difference of even one 210 half-pixel (15 m) may mean a large difference in elevation at steep mountainsides.
We performed a similar analysis to estimate the year-to-year error between the TRI DEM in 2011 and 2012. We selected 212 a stationary area ( Figure 11 ) over moraine deposits for the comparison. The rms difference in this area between the TRI 213 DEM in 2011 and 2012 is on the order of 2 m, suggesting that this is the minimum error for the ice loss estimates.
214
The DEMs generated from each year's observations allow a quantitative assessment of mass change in the overlapping 215 imaged area. We describe two possible approaches with uncertainties based on the 2-meter TRI DEM difference: 
226
We can also compare our ice loss rate estimate to ice loss from the larger region of Vatnajökull. Our minimum loss 227 estimate of approximately 9±2 m w.e. falls within the overall summer balance rate (-9.5 to 2.5 m w.e.) suggested by 228 Björnsson and Pálsson (2008).
229
Iceberg-Current Observations
230
Visual tracking of iceberg motion using successive intensity images can be used as a proxy for surface and near-surface 231 currents near the embayment (Figures 13 and 14) . In Figure 13 , we track the movement of a large iceberg through the 232 embayment at an average speed of 8 cm/s in a direction differing from typical lagoon currents. The iceberg enters the 233 embayment at a speed of~6 cm/s, accelerates to~18 cm/s as it passes through, and slows down to~7 cm/s as it exits the 234 embayment on the other side into the open water. Since most of the iceberg's volume is below the water surface, its motion 235 likely reflects lagoon currents rather than wind. From this example, it appears that these localized flows can occur on the 236 length-scale of the embayment (500-700 meters), and can include narrow, focused "jets". 237 Figure 14 , on the other hand, shows that the lagoon is also subject to broader outflow events, where icebergs get pushed 238 away from the terminus by strong currents, which likely arise from strong outflows of meltwater beneath the glacier. 
Salinity and Temperature
254
In 2012 and 2013 we observed larger numbers of smaller icebergs in the lagoon compared to 2011, hinting at an increase 255 in the calving rate over our 3-year observation period. Sikonia and Post (1979) observed similar occurrences at Columbia 256 Glacier: its retreat coincided with embayment formation and an increase in iceberg calving. They also suggested that 257 embayments form at glacial termini due to continuous calving of small icebergs combined with major calving episodes 258 driven by bursts of subglacial drainage, which may also be the mechanism here.
259
Although marine-terminating glaciers have been retreating in many parts of the world over the last 15 years likely due 260 to global warming associated with elevated concentrations of atmospheric CO 2 (Solomon, 2007), many details still remain 261 obscure (Joughin and others, 2012). In particular, the relative importance of atmospheric versus oceanic forcing, the relative 262 importance of calving versus melting, and the relative influence of atmospheric forcing versus oceanic forcing versus long 263 term dynamics on calving processes. While melting processes at a temperate glacier like Breiðamerkurjökull likely differ 264 from those at polar glaciers in Greenland and Antarctica, our observations of ocean influence in the vicinity of the glacier 265 terminus may provide useful constraints. Björnsson and others (2001) showed that there is substantial warm ocean water input to the lagoon and performed a surface here is coated with dark basaltic ash and rubble from recent volcanic eruptions, reducing ice albedo and promoting Jiang, Yan, Timothy H Dixon and Shimon Wdowinski, 2010 . Accelerating uplift in the North Atlantic region as an indicator of ice Riesen, Patrick, Tazio Strozzi, Andreas Bauder, Andreas Wiesmann and Martin Funk, 2011. Short-term surface ice motion variations measured with a ground-based portable real aperture radar interferometer, Journal of Glaciology, 57(201) , 53-60. Werner, Charles, Tazio Strozzi, Andreas Wiesmann and U Wegmuller, 2008 . A real-aperture radar for ground-based differential 448 interferometry, Geoscience and Remote Sensing Symposium, 2008 . IGARSS 2008 Werninghaus, Rolf and Stefan Buckreuss, 2010. The TerraSAR-X mission and system design, Geoscience and Remote Sensing, IEEE 450 Transactions on, 48(2), 606-614. Fig. 3 . 2011-2013 velocity maps obtained using TRI (left) and TerraSAR-X (right). Both TRI and TerraSAR-X velocities were adjusted to match the direction of ice motion (140 • counterclockwise from north) using Equation 3. Note the similarity in velocity magnitude and distribution between the TRI and satellite maps despite the different acquisition and averaging times (3.5 hours for the TRI vs 11 days for TerraSAR-X). Fig. 4 . Differences between the TerraSAR-X and TRI velocity maps in the direction of ice motion. Despite different sampling periods (11 days vs 3.5 hours), the agreement between the TRI and TerraSAR-X is reasonable (rms difference of~1 m/d for all years) except for areas near crevasses and a small region near the highly-dynamic terminal zone. Here, he iceberg enters the embayment at a speed of~6 cm/s, accelerates to~18 cm/s as it passes through, and slows down to~7 cm/s as it exits the embayment on the other side into the open water. This suggests that there may be high fluxes of water passing through the embayment. endmember waters appear to be a 0 • C, 0 psu salinity freshwater and an ocean water with temperature between 4 and 6 • C and salinity 35 psu (warmer temperatures in the upper left reflect atmospheric warming in the top 5 meters). A Gade line with a typical slope of 2.5 • C/psu is shown, suggesting that late-summer measurements are not significantly affected by ocean-forced melting. Outliers below a salinity of 1 were discarded.
